Abstract-The backward wave oscillator is a promising and powerful source at THz frequencies. The rectangular corrugated waveguide is an effective solution as slow wave structure to design backward-wave oscillators (BWOs), suitable to be fabricated by photolithographic high-aspect ratio processes.
INTRODUCTION
The huge potential of applications at THz frequencies is well known due to a large number of theoretical and experimental studies [1] [2] [3] . Unfortunately, it has not yet exploited due to the lack of sources with performance, dimensions, weight and price appealing for the market. The effort to fill the power gap between microwave and optics is demonstrated by the number of research teams active in the field, working on solid state, optical or vacuum electron devices at THz frequencies. Vacuum electron tubes are certainly the most promising solution in the low THz range (0.1-1.5 THz) when relative high power is required [4, 5] . The backward wave oscillator (BWO) is a very simple device [6, 7] . Its working mechanism is based on the interaction of the electron beam with the first negative space harmonic of the RF field. The phase velocity has the same direction of the electron velocity, whilst the group velocity is in the opposite direction. Its main characteristics, such as a relatively simple realization, a wide tuning range, the electronic tuning, the stability in frequency, were proved in the past. The BWO is actually the only THz vacuum power source commercially available [8] , even if limited to a few mW of output power.
Three-dimensional simulators, electromagnetic and particle-incell, and the new high aspect-ratio photolithographic fabrication processes [9, 10] , give the opportunity to greatly improve BWOs performance at THz frequencies. Folded waveguide and corrugated waveguide were preferred as interaction structures for the device. The first realization of a backward wave oscillator was the Carcinotron (1985) that showed about 2 mW at 850 GHz [11] . A 650 GHz folded waveguide source demonstrated 59 mW [12] . BWOs based on corrugated waveguide and sheet beam were designed with relevant output power and tunability [13, 14] . The rectangular corrugated waveguide was demonstrated suitable for the realization of backward wave oscillators and to support a sheet electron beam. The advantage of a sheet electron beam is to provide a relative high current with a low current density. However, the magnetic focusing is still a challenging issue.
Even if corrugated waveguides are suitable to be fabricated by photolithographic technique, the required high aspect-ratio or the assembling imperfections due to the sealing of the closing wall, could be critical and affect the final performance. The vacuum pumping is surely another issue to consider. To overcome these problems, a corrugated waveguide with the corrugation narrower than the waveguide width is investigated. The advantages from the manufacturing point of view are remarkable. The interacting field is concentrated around the corrugation and far from the lateral walls. The sealing and eventual fabrication defects do not sensitively affect the field propagation. Further, the vacuum pumping is highly eased, due to the hollow nature of the structure.
The purpose of this paper is to demonstrate that THz BWOs, using the narrow corrugated waveguide as slow wave structure (SWS), can achieve similar or even better performance than the ones using the conventional wide corrugated waveguide. A comparison of the performance of two 1-THz BWOs, one designed with a conventional wide corrugated waveguide and the other with a narrow corrugated waveguide, is proposed.
BACKWARD WAVE OSCILLATOR DESIGN
Two backward wave oscillators were designed at about 1 THz adopting two different corrugated waveguides as slow wave structure: the wide corrugated waveguide, shown in Fig. 2(a) , and the narrow corrugated waveguide, a rectangular waveguide with the corrugation narrower than the waveguide width, shown in Fig. 2(b) [15] . The schematic is shown in Fig. 3 . The design goals for both the BWOs were: 20% frequency tuning range at 1 THz central frequency, by a beam-voltage sweep from 8 kV to 16 kV, and an output power higher than 100 mW. The electron beam current was fixed at 8mA and the beam crosssection dimensions were fixed at 80 µm width and 20 µm thickness (a moderate 4 : 1 ratio) [16, 17] . The beam axis was placed at a distance δ = 15 µm from the corrugations for avoiding collisions with the metal surfaces. A focusing magnetic field of 1 T was applied to keep the electron beam confined. Copper losses (σ = 5.8 · 10 7 · Ω −1 · m −1 ) were considered. The different distributions of the z-component electric field are shown in Fig. 2 as well. In case of the narrow corrugated waveguide, the E z field almost completely surrounds the corrugation and is located far from the lateral walls. This assures very low sensitivity to possible assembly defects. To make the BWOs comparable, the two SWSs were designed to have the same dispersion behavior. It was first designed a narrow corrugated waveguide by three-dimensional electromagnetic code [18] . The height of the corrugation h (that mainly determines the upper cut-off frequency) and the period p (that mainly determines the phase velocity of waves and consequently the beam voltage for synchronism) were optimized to get the required performance. The width w of the corrugation has to be wider than the electron beam width to guarantee an efficient interaction. The dimensions a and b of the rectangular waveguide were chosen to ease the output coupling.
Once the dimensions of the narrow corrugated waveguide were established, a wide corrugated waveguide, characterized by the same dispersion curve, was accurately designed by the analytical model in [19] . The height b of the waveguide was kept fixed at 127 µm, whilst the width was varied to match the lower-cut-off frequency of the narrow corrugated waveguide. Then, the height of the corrugations h and the space between the corrugations s were adjusted to get the same upper cut-off frequency and the same slope of the dispersion curve of the narrow corrugated waveguide. The dimensions of the two corrugated waveguides are listed in Table 1 . The comparison of the cold parameters as a function of the beam voltage is shown in Fig. 4 . The dispersion curves are practically the same for both the corrugated waveguides, but the narrow corrugated waveguide has lower losses and higher interaction impedance (computed on the beam axis).
The interaction length for both the BWOs is fixed at 150 periods. The dimensions of the output waveguide are fixed at 240 µm width and 127 µm height for both the corrugated waveguides, and it is vertically offset to the SWS axis to allow the electron beam flow (Fig. 1) . The output couplers were designed to match the rectangular waveguide port with very low insertion loss (better than 0.5 dB) in the frequency tuning range. The matching between the output rectangular waveguide and the SWS is obtained by a linear widening of the width of the waveguide enclosure and by a vertical tapering of the corrugations (15 periods). An evaluation of the sensitivity of the cold parameters of the wide corrugated waveguide to possible fabrication defects was performed. The fabrication is typically performed by assembling the corrugated waveguide, realized by photolithography, with a proper closing surface. The corrugation can be realized in two different directions: y-direction, where the closing surface is the top wall, and x-direction, where the closing surface is the lateral wall. The y-direction realization could suffers from a misalignment of the top plane with the corrugation (Defect 1) Fig. 5(a) . A possible defect in x-direction realization (Defect 2) is a not perfect contact between the closing lateral wall and the corrugation that creates an air gap (Fig. 5(b) ). The effect on the cold parameters due to these defects were simulated by eigenmode code (beam-voltage 12 kV) and compared to the nominal values, for different values of displacement ∆x. The relevant variation of the cold parameters shown in Fig. 6 demonstrates the high sensitivity of the wide corrugated waveguide to these fabrication defects (not present in the narrow corrugated waveguide). 
RESULTS
The hot simulations were performed by a three dimensional particle-incell code [20] . 
CONCLUSIONS
The use of the narrow corrugated waveguide in the design of THz BWO was proved convenient and effective in comparison to the use of a conventional wide corrugated waveguide. The better output power performance, together with the advantages from the point of view of fabrication and vacuum pumping, demonstrate the validity of the choice. The high level of output power, better than 23 dBm, and the frequency range of tuning wider than 20% confirm the BWO based on corrugated waveguides as a promising source for generation of power at THz frequencies.
